ganization of microtubules that builds the spindle. The Although endocycles are sometimes dismissed as an term endomitosis initially referred to a rare cell cycle in evolutionary peculiarity, they are widespread in protists, which mitosis occurred without nuclear envelope breakplants, and many animals including arthropods, moldown or cytokinesis (for review see Nagl, 1978). Howlusks, and mammals. Endocycling cells can become ever, now this term is more generally used to describe incredibly polyploid, with chromatin values (C values cycles that proceed through anaphase but lack nuclear denote DNA content as a multiple of the normal haploid division and cytokinesis. In yet another cell cycle variant, nuclear division occurs without cytokinesis, giving rise genome) as high as 24,000 reported in some plant endoto multinucleate cells. Such cycles are seen in mammasperms (Traas et al., 1998). Because cell size for a given lian hepatocytes and osteoclasts, and also in syncytial cell type is generally proportional to the amount of nuslime molds like Physarum and early insect embryos. clear DNA, endoreplication constitutes an effective
What enables endocycling cells to replicate their DNA many times within a single interphase, and thus escape the mechanisms that block rereplication in mitotic cells? This is not entirely clear yet, but work in diverse mitotic systems does suggest what sort of mechanisms to expect. Many recent studies indicate that after completion of an S phase, cyclin/CDK activity must drop to low levels before rereplication is possible. A window of low CDK activity is initiated by destruction of the G2 cyclins during late metaphase by the anaphase promoting complex (APC), which remains active through early G1. Low CDK activity during early G1 allows the assembly of prereplication complexes (preRCs) containing ORC proteins, Cdc6, Cdt1/Dup1, and MCMs onto DNA replication origins, thus "licensing" the DNA for another round of replication. Cdc6 and the MCM proteins are removed from the DNA during and after S phase, and their ability to rebind and relicense the DNA for replication is inhibited during the S and G2 phases by high levels of Cdk2 and Cdk1 activity. It is only after levels of Cdk activity drop during the M→G1 transition that relicensing be- . In endoreplicating cells, these mechanisms could in principle confer intrinsic oscillatory capability upon the S phase kinase, CycE/Cdk2,
Endocycling in Mammals
Megakaryocytes are a blood cell type specialized to and thus also upon the machinery that first assembles and then "fires" (activates) preRCs. Oscillations in Cyclin produce platelets. CDK phosphorylation site. This suggests that there may be feedback between CDK activity and p57 stability, and so provides one of the switches required to build transgenic mice (Zimmet et al., 1997 extent of endoreplication appears to be intrinsically controlled by the differentiation program, but environmental Mammalian trophoblasts, which contribute to the placenta, also become polyploid via endocycles. These influences such as light can also affect endoreplication ). An ortholog to the Cdh1/Fzr-related family of proteins, which activate the anaphase promoting complex and promote G2 cyclin degradation in other species, was isolated from alfalfa and called ccs52. Strikingly, the ccs52 gene is expressed in endocycling cells, and when antisense RNA was used to reduce the level of ccs52 transcripts, ploidy in these cells was reduced. There was no effect on diploid cells. This suggests that APC- et al., 1995) . Second, although continuous overexpression of Cyclin E in mitotindicate the existence of feedback controls that might confer periodicity upon Cyclin E. One of many plausible ically proliferating wing imaginal cells does truncate G1 and elongate S phases, it fails to arrest cell cycle prooscillators is shown in Figure 5 . This particular mechanism is suggested by data obtained in several different gression altogether. These apparent paradoxes suggest that preRC assembly can occur in mitotic Drosophila developmental contexts, as follows. First, Cyclin E and the E2F1/DP transcription factor, both of which are recells even in the presence of high Cyclin E activity. This might be explained by differences between mitotic and quired for normal endocycles (Knoblich et al., 1994; Royzman et al., 1997), can act as mutual activators of endocycle preRC components, and in fact one Drosophila MCM protein has been described that may be used each other, and thus might cooperate in a positive feedback loop to initiate G→S transitions (Duronio et al., in mitotic but not endocycle S phases (Feger et al., 1995) . Another possibility is that nuclear envelope breakdown, 1996). Observations parallel to findings in vertebrates show that Drosophila Cyclin E/Cdk2 can potentiate E2F1 which occurs in mitotic cycles but is bypassed in Drosophila's endocycles, may transiently lower nuclear levactivity by phosphorylating and inactivating the E2F1 corepressor RBF, whereas E2F1 can promote transcripels of Cyclin E/Cdk2 and thus facilitate preRC assembly even while cytoplasmic Cdk2 activity remains high. In tion of the cyclin E gene. Second, Cyclin E can also negatively regulate its own transcription, in endocycling this regard it is interesting that Cyclin E is present but does not detectably oscillate during gene amplification embryonic cells (Sauer et al., 1995) . The mechanism for this is obscure, but one possibility involves dacapo, a in the ovarian follicle cells (Calvi et al., 1998) . This sug-Cyclin E expression after S phase initiation, and perhaps also indirectly squelch E2F1 activity. Consequent loss of Cyclin E and E2F1 activity might then cause dacapo levels to decline, allowing Cyclin E activity to rise again and fire another S phase. Computer simulations suggest that such a flip-flop oscillator might work in principle (E. Meier and B. Edgar, unpublished), but establishing whether this or any sort of oscillator actually operates in vivo will require some very careful experimentation.
Endocycling in Insects
Lest the reader become too enamored with cell cycle oscillators, we caution that some of the data already contradict the specific feedback relationships shown in , only one of which is thought to be E2F responsive. Nonetheless, the idea that feedback regulation intrinsic to the cell cycle control apparatus confers periodicity on Cyclin E/Cdk2 activity is compelling since it would permit a periodic output-successive rounds of preRC assembly and firing-to be driven by continuous input signals. As described below, these upstream signals are most likely derived from states of cell specification and cell growth.
Upstream Regulators of the Endocycle: Differentiation and Growth
What are the upstream regulators of Drosophila's endocycles? As noted above, the levels of ploidy achieved by the various larval tissues appear to be developmentally preprogrammed, ranging from as little as 16C in some gut and epidermal cells to as much as 2048C in the famous polytene cells of the salivary glands. Genetically promise to provide insights that pertain not only to en- (1995) . dpa, a member of the MCM family, is required for mitotic doreplication, but also to the mechanisms used in prolif-DNA replication but not endoreplication in Drosophila. EMBO J. 14, 5387-5398.
erative cycles and growth control.
